The removal efficiency of particulate matter from a sedimentation basin with an inclined plate settler in drinking water treatment facilities is sometimes reduced by density flow caused by temperature increases in the raw water. In this study, the structure of the density flow and its prevention are investigated by means of three-dimensional computational fluid dynamics (CFD). The results of CFD show that upward velocity is uniform and normal operations are performed before the increase in inlet water temperatures. After the onset of a temperature increase in the raw water, the upward flow velocity on the inclined plate settler increases, especially in the upstream zone of the plate. This velocity increment has a strong correlation with increase in turbidity as a result of the overflow of particulate matter. The effects of the installation of baffle plates on the inclined plate settler to reduce turbidity were explored. The CFD results using baffle plates show a significant decrease in upward velocity on the inclined plate settler. This suggests that baffle plates are effective in suppressing the overflow of particulate matter. To verify the prediction by CFD, baffle plates were installed in a drinking water treatment facility. The results show that the turbidity of treated water was reduced by the proposed procedure.
INTRODUCTION
The sedimentation basin is a water treatment facility used in many industrial fields. Various measures and improvements have been made to reduce their installed area and enhance their solid-liquid separation performance. In drinking water production facilities in particular, an inclined plate settler is often used in water treatment plants as a solid-liquid separator to increase sedimentation performance. The performance of sedimentation basins is susceptible to temperature differences because of a very slow upward velocity. The removal efficiency of particulate matter from these basins is decreased by the overflow of coagulation matter with the treated water. This is sometimes caused in summer daytime by a temperature increase of raw water compared with the temperature of water in the sedimentation basin. A temperature difference of only 1 W C is sufficient to cause such a decrease in efficiency (Goula et al. a, b) . This phenomenon is considered to be caused by density flow, which occurs as a result of the temperature difference between the inlet water and the sedimentation basin. Typical density-driven flow occurs when the inflow to the sedimentation basin of higher-temperature raw water exposed to solar radiation increases flow velocity fluctuations. This prevents normal operational performance and decreases treated water quality.
The research on these density flows and carryover has had a long history. Many research reports have been written 
; Lutfy et al. ).
In particular, the installation of baffle plates at the basin inlet has been examined for increasing sedimentation velocity, and for increasing inlet flow velocity to reduce the effect of temperature differences between the inlet water and the basin water (Goula et al. a, b) . The influence of temperature differences on sedimentation performance for particles of various diameters has also been studied (Goula et al. a, b) .
However, the research on density flow has mainly addressed horizontal flow sedimentation or circular sedimentation basins without an inclined plate, for wastewater and water purification facilities.
The effects of an inclined plate (lamella clarifier) on flow in a settling basin have been examined by the CFD method for small-scale water purification treatment (Tarpagkou & Pantokratoras ) . Although important results on sedimentation ponds have been reported as described above, no research has been done to address the mechanism of density flow in large-scale water purification plants using the inclined plate settler. Addressing this knowledge gap is the object of this study.
In the present study, we aim to elucidate the transient phenomena of density flow in a sedimentation basin resulting from temperature fluctuations in raw water flowing into the basin. The CFD method was used for this elucidation. We also aim to clarify the cause of particulate matter carryover from the sedimentation basin when an inclined plate settler is used in a large-scale water purification plant in Japan. In addition, a method to prevent carryover was investigated by CFD, and the effectiveness of the proposed method was tested by applying the method to a commercial facility.
OBSERVATION OF DENSITY FLOW
Investigation and observation of physical density flow were conducted in the treatment facility by measuring water temperature in the sedimentation basin and the turbidity of treated water. Observation was done in a drinking water treatment facility in Hyogo Prefecture, Japan, with a daily treatment capacity of 40,000 m 3 per one operation line. Figure 1 shows the measured inlet raw water temperature and treated water turbidity, and Figure 2 shows the temperature distribution in the sedimentation basin. The red numbers show temperatures higher than those at 11:00 AM. The relationships between the measured and observation results are summarized as follows:
(1) Treated water turbidity had a nearly constant value when the temperature of the inlet water to the basin was constant during the morning.
(2) Coagulated matter flowed through the inclined plate settler from about 2:00 PM, and a proportion of the turbid matter was collected in a trough with the treated water.
The remaining coagulated matter was suspended in the clarified zone -the upper part of the inclined plate settler. (6) The temperature of the upstream zone near the water surface increased, and the maximum temperature difference in the basin was measured to be 1.1 W C. It was clear that the overflow of coagulated matter was substantial when the temperature difference in the basin was large.
(7) The coagulated matter flowing in the clarified zone began settling around 5:00 PM, and normal operating conditions appeared to resume.
The observation results suggest that the cause of the degrading of water quality is the enhancement of flow velocity caused by the temperature difference between inflow water and the basin interior.
NUMERICAL SIMULATION OF DENSITY FLOW Governing equations and simulation model
Detailed velocity and temperature distributions in the sedimentation basin are necessary for clarifying the mechanism of density flow. The measurement of velocity is one approach.
However, the sedimentation basin is designed to maintain a uniformly slow speed to settle small coagulated matter. Therefore, accurate measurement of small velocity fluctuations in the basin is difficult. Given this situation, CFD was considered an effective tool to clarify such flow fields. In our study, the structure of the density flow was elucidated by obtaining detailed velocity and temperature distributions through CFD.
The CFD approach enables transient velocity and temperature distributions to be obtained in the analysis region, and is effective in examining the structure of the density flow. The equations governing momentum and energy for an incompressible Newtonian fluid are the Navier-Stokes equations with the Boussinesq approximation, and the transport equations of energy (temperature T), turbulent energy k, and turbulent dispersion rate ε in Cartesian coordinates as follows.
Continuity:
Navier-Stokes:
Turbulent energy k:
Turbulent dispersion rate ϵ:
Energy (temperature) T:
Here, U, u, T, and t represent mean velocity, fluctuated velocity, mean temperature, and fluctuated temperature, respectively. Also, μ, ρ, g, and β represent fluid viscosity, density, the force due to gravity, and the volumetric thermal expansion coefficient, respectively. C p and K specify specific heat and thermal conductivity. The numerical values of these physical properties of water used here are
, C p ¼ 4.178 kJ/(kg K), and
In this model, the Reynolds stress term and constants in Equations (2) and (5) are assumed as follows:
where K t is turbulent diffusion conductivity and μ t is the eddy viscosity of the fluid, which is defined as
In this model, the turbulent Prandtl number P rt ¼ 0.9 was used. The terms G s , G t and R f in Equations (3) and (4) are defined as follows:
The following numerical values were used for the parameters in Equations (3), (4), (8), and (10): were set the same as that in the physical facility.
Boundary and inlet conditions
The purpose of CFD was to describe transient flow caused by the change in inlet water temperature. In this simulation, the measured temperature at 1:00 PM was used to represent the water temperature under normal operating conditions, thereby obtaining the steady-state flow field. The flow field between the onset of density flow at 1:00 PM and its termination at 8:00 PM was calculated by applying the measured temperature shown in Table 1 
RESULTS AND DISCUSSION
Mechanism of the generation of density flow right, almost identical to the CFD results. Thus, the prediction of density flow by CFD was accurate, and its extensive use is considered a possibility for investigating the prevention of density flow and improving water quality.
Prevention of density flow
To prevent the velocity increment caused by the generation of density flow in the upstream zone of the sedimentation basin, the effects of a baffle plate installation were investigated. The installation was in the clarified area, just above the inclined plate settler. In previous studies, the extension of the settler to near the collection trough and the relative reduction in the effects of density flow by increasing inlet flow velocity were investigated (Goula et al. a) . However, in our study, the installation of baffles was the most feasible method since the facility was under operation and the improvement had to be done during operation. The baffles can be installed easily from outside, and therefore it was suitable for the type of sedimentation basin studied, and thus baffle plates rather than settler extensions were investigated.
Baffle plates are considered effective for reducing the velocity enhancement at the inclined plate settler and can also suppress the upstream-to-downstream flow in the clarified zone, caused by the density flow.
We predicted the flow field using CFD with different numbers of baffle plates and determined the effective installation to minimize the effect of density flow. The numbers of baffle plates selected were four and eight, and were installed with equal spacing (shown in Figure 6 as the calculation model). Different plate numbers were used to compare the influence of up-flow velocity at the inclined plate settler on treated water quality. 
Verification
In agreement with the CFD results, the installation of baffle plates was effective in improving water quality. It was found that eight baffle plates were more effective in reducing the velocity than four plates. In the CFD calculations, we assumed a homogeneous fluid without considering the behavior of the coagulated matter. Therefore, it was necessary to verify whether the results were applicable to a commercial treatment facility.
Verification was done at the same drinking water treatment facility mentioned earlier. In this part of the study, four and eight baffle plates were physically installed.
Water turbidity without baffle plates was measured for comparison purposes. by the treated water is reduced. The results also confirmed that eight baffle plates were more effective in turbidity reduction than four plates. Table 2 shows measured turbidity over time. Turbidity increased with time, and the rate of increase with no baffles was largest. Although turbidity increased when baffles were added, the magnitude of the increase was small compared with that of the no-baffle condition. This again shows that the installation of baffle plates is effective in enhancing water quality. Table 1 ), when the influence of density flow was considered strong. In the case with no baffle plate, turbidity at troughs in the upstream zone was greater than that in the downstream zone. This is attributed to the increased water treatment load in the former zone as a result of the generation of density flow. However, the case with eight baffle plates produced the least turbidity at each trough, and turbidity was less than the target value.
Although turbidity in the upstream zone was also greater than that in the downstream zone, turbidity at each trough had a nearly uniform value. This shows that the treatment load was normalized by the effect of the baffle plate. All the above results indicate that the substantial increase in upward velocity, which exceeds the sedimentation velocity of coagulated matter, degrades water quality in the no-baffle case. In the case with baffles, the increase in upward velocity is restricted to less than the limiting velocity, thereby maintaining sedimentation capacity.
CONCLUSIONS
The structure of density flow in a sedimentation basin with an inclined plate settler was described by CFD. A method that could be used for the prevention of this flow was investigated. The results are summarized as follows:
(1) A transient density-flow structure in the sedimentation basin, from onset to settlement, was predicted by CFD.
Treated water degradation was suggested to be attributable to the overflow of impurities from the collecting trough. This overflow was suggested by an increase in upward velocity caused by temperature differences between the inlet water and the sedimentation basin.
(2) CFD indicates that installation of baffle plates in the clarifier zone is effective in suppressing the upward velocity. A physical investigation of the most effective baffle plate installation and the impact of the baffle plates on water quality was carried out by measuring turbidity at a commercial treatment plant.
(3) The use of CFD is effective not only for predicting transport phenomena but also for designing and improving water treatment facilities. Because such facilities are so large that implementation of physical experiments is difficult, CFD can provide an effective alternative research procedure.
